Abstract: All-optical modulation in a quantum cascade laser (QCL) can be rapidly evaluated using a photoluminescence (PL) spectrum. The PL spectrum reflects the electron transition rate of the sub-bands of the active region of a QCL. The peak position, amplitude, and displacement of the PL spectrum can be used to determine the optimal wavelength, spot position, the laser incident angle, optical power, and displacement in the electric field of the near-infrared laser. This PL spectrum approach is rapid, accurate, and simple. Furthermore, it can be used to optimize high-speed all-optical modulation of QCLs for use in free-space optical communication and molecular-detection applications.
Introduction
Mid-infrared lasers are widely used in free-space optical communications (FSOC) [1] , [2] and molecular detection [3] , [4] because of their advantages of covering atmospheric windows and molecular fingerprints. QCLs [5] are a promising mid-infrared coherent light source, which have the advantages of narrow line width, high power, and room-temperature operation; in addition, they are unipolar devices, which are conducive to high-speed all-optical modulation. The development of efficient modulation approaches [6] , [7] for FSOC and molecular detection is of interest for an increasing number of applications. Compared to thermal and electric modulation, in all-optical modulation, the modulation frequency can be greatly improved up to 100 GHz [8] . Recently, the highspeed all-optical modulation of QCLs has resulted in corresponding progress in QCL applications [9] - [12] . The conventional all-optical modulation system of QCLs is realized by using a NIR to illuminate the QCLs [13] . However, in the experiment, we confirm that the optimal conditions of all-optical modulation in QCL are a complex debugging process. Further, the NIR wavelength, spot position, the laser incident angle, and optical power considerably affect all-optical modulation. At present, there is no report on the rapid evaluation of all-optical modulation in QCL, and it depends on previous experiments and experimenters' experience. In this study, we propose an approach for rapidly evaluating the all-optical modulation of QCLs using a PL spectrum. The proposed approach can determine the modulation parameters rapidly, simplify the experimental system, and obtain the optimal NIR wavelength directly.
High-speed all-optical modulation of QCLs depends on the excitation of external light, which makes the electrons in the QCL active region transition from the valence band to the conduction band. This process results in a change in the electronic distribution, and this ultimately leads to the modulation of the QCL output. Further, as the electron distribution affects the refractive index of the QCL [6] , the QCL output wavelength is also modulated to achieve frequency modulation. Amplitude and frequency modulation with the all-optical approach proceed with a high speed because the electron relaxation time is usually only about 1-100 ps [14] . The all-optical modulation of QCL requires the external laser excitation energy to be greater than the band gap of the QCL active region. The band gap depends on the material and the n-doping of the quantum well and the barrier, and it can be obtained through numerical calculations. Previous studies have shown that excessive external laser excitation energy generates hot carriers [15] , which reduce the modulation effect [16] . In order to obtain the optimal wavelength of the modulated laser, it is usually necessary to use different external lasers for the test separately. The PL is generated owing to the transition of the excited electrons from the conduction band to the valence band. So the PL spectrum can rapidly finds the highest electron transition rate of the sub-bands, which can guide us to find the optimal wavelength of all optical modulation rapidly. Moreover, PL spectrum is weak and sensitive to the NIR wavelength, spot position, the laser incident angle, and optical power, and is conducive to simultaneous optimization of parameters. And the PL spectrum can be obtained by switching a golden mirror in the all-optical modulation system, which will not affect the normal operation of the all-optical modulation system. Therefore, we using PL spectrum to evaluation of all-optical modulation in QCL rapidly.
Simulation
A numerical approach was also employed to study the energy levels and wave functions of QCLs. This simulation is based on our model of QCL output characteristics, [17] which includes stimulated emission, spontaneous emission, and the sub-band electron temperature effect. The initial energy level and wave functions in the quantum well structure are determined using Schrödinger's equation [18] . To solve full rate equations, we obtained the electron population of all sub-bands and photon populations, and we corrected the energy levels and wave functions. Then, we used the sub-band electron temperature effect on a QCL to calculate the new electron population and scattering rate for obtaining the final correction of the energy levels and wave functions. In this simulation, the laser is a standard 35-stage In 0.52 Al 0.48 As/ In 0.52 Ga 0.47 As type-I four-level Fabry-Perot QCL based on a two-phonon resonant design [19] . Figure 1 shows the calculated electrical potential and the electron spatial probability distribution for each sub-band in the active region and two injection regions, for a bias electrical field of 50 kV/cm. The active region is sandwiched between the two injection regions. There are seven confined sub-bands in each region, and sub-bands A i , I i , and I' i for the active region and injection regions, respectively. For the two laser sub-bands A 3 and A 4 , the band gap difference is 0.159 eV, which corresponds to the QCL's central wavelength of 7.81 µm. A wavelength range of NIR laser can achieve all-optical modulation, and the wavelength range is corresponding to the simulation results. So this simulation can provide guidance for the next experiment. But in fact, the wavelength of NIR laser corresponding to the upper laser level of is not necessarily the optimal wavelength. However, the influence of parameters such as spot position, incident angle on all-optical modulation is difficult to get accurately by numerical calculation. And the PL spectrum can accurately and rapidly evaluate all parameters. In addition, the all-optical modulation is not only determined by the pump photon energy [6] , but also the hot carrier effect has played a significant role [20] . So the numerical calculation is impossible to replace the PL spectrum experiment in evaluate all-optical modulation of QCL. Figure 2 shows the schematic diagram of the experimental setup. The QCL was mounted on a copper heat sink inside a liquid nitrogen cryostat (Janis VPF) and held at a temperature of 80 K; we utilized a current source (ILX Lightwave LDP 3811) to drive the QCL. Using two CaF 2 lenses, the QCL's MIR emission is collimated and then focused onto an infrared photovoltaic detector (Vigo PEMI-2TE-6). A reversible gold mirror is used to transmit the PL onto a spectrometer. The NIR beams are focused on the QCL front facet with an incident angle about 20°-90°to the QCL beam, and the NIR focal spot diameter is less than 20 µm. Fast and convenient replacement of NIR lasers with different wavelengths is achieved by using fiber couplers.
Experimental Results
In the all-optical modulation of QCLs, the NIR laser wavelength directly affects the modulation depth; therefore, we need to choose an optimal wavelength of the NIR laser. We use the external light to excite QCLs to generate PL in order to rapidly evaluate the electron transition rate in the sub-bands. According to the simulation results, each sub-band has the different electron transition rates. To cover all sub-bands, the energy of the NIR laser must be greater than the widest band gap (1.45 eV) of the QCL. We use a Ti: sapphire laser with a wavelength of 840 nm (<857 nm, corresponding 1.45 eV) to illuminate the front facet of the QCL. In order to protect the QCL, the average power of the Ti: sapphire laser is set to be less than 3 mW before the Dewar window. As show in Figure 3 , we normalize the spectrum signals, and the Ti: sapphire laser spectrum peak is at 840 nm and the PL spectrum has two distinct peaks. One PL spectrum peak is at 1.55 µm. This PL peak is produced by the electron transition from the laser sub-bands A 3 and A 2 , A1 to the valence band, and it has the highest electron transition rate. At the same time, another PL spectrum peak is at 1.36 µm. It is produced by the electron transition from the laser sub-band A 4 to the valence band, and it has a lower transition rate. The electron transition rate for other sub-bands is lower, because there is no corresponding PL spectrum. According to the experimental results of PL spectrum, the NIR laser wavelength corresponding to the highest electron transition rate of the sub-bands is 1360 nm and 1560 nm. 1360 nm and 1560 nm are identified as the optimal NIR laser wavelengths. In order to ensure the correctness of the experiment, we tested the entire wavelength range corresponding to the simulation. According to our existing experimental conditions, we use eleven different NIR lasers emitting at wavelengths of 850, 905, 980, 1280, 1310, 1360,1450,1550,1560, 1570 and 1590 nm to excite the QCL for proving this conclusion. The short wavelength lasers (850, 905, and 980 nm) lead to a reduction in QCL intensity, and the long wavelength lasers (1280-1590 nm) lead to an increasing in QCL intensity. As shown in the inset in Figure 3 , The QCL modulation depth are 11.32%, 13.72%, 14.18%, 14.65%, 17.31%, 17.86%, 17.73%, and 16.81%, respectively. The experiment results show that 1560 nm NIR lasers have the maximum modulation depth of QCL, which is 17.86%, while the 1360 nm NIR laser has not the second high QCL modulation depth, which is only 14.18%. Further, we used 1550 nm and 1570 nm NIR lasers to confirm the QCL modulation depth around 1560 nm. Experimental results show that both 1550 nm and 1570 nm have high QCL modulation depth, but lower than 1560 nm. So we can confirm that 1560 nm is the optimal NIR laser wavelength. With the increase of the NIR laser wavelength, the NIR laser not only affects the electron interband transition in the upper and lower laser levels, but the electron interband transition of other sub-bands is also involved, so the higher modulation depth is obtained. It is sufficient to prove that using the PL spectrum to evaluate the optimized wavelength of the NIR laser in the QCL all-optical modulation is a reliable method.
Compared to thermal and electrical modulation, the NIR laser-spot position has a considerable influence on all-optical modulation of QCLs. To achieve a higher modulation depth of QCLs, the electron transitions of QCL require more optical energy. The QCL's core region is usually between the top contact and the substrate, only about 100-200 µm. It is difficult to obtain high modulation efficiency if the optimal NIR laser-spot position cannot be determined. If the spot position is not determined, the optical energy cannot effectively inject the core region of the QCL to change the carrier's distribution, and then they will increase the temperature of the QCL through the heat accumulation, and then cause the QCL to be damaged. In the PL spectrum experiment, the diameter of the NIR laser spot is generally less than 20 µm, and the average power is low. In this experiment, we use a semiconductor laser with a wavelength of 1560 nm to illuminate the front facet of the QCL, and the diameter of the spot is about 20 µm. We switch the spot vertical position of the NIR laser in the QCL core region and observe the PL spectrum. As shown in Figure 4 , there are PL spectrum at the spot vertical position of the NIR laser between 5.005 and 5.065 mm, and the strongest signal is at 5.045 mm (4.04 × 10 −6 mW). We considering the diameter of the NIR laser spot, the range of the illuminating spot will be expanded. We obtain the optimal NIR laser spot within the range of 40 µm in the center of the QCL core region. The traditional method of observing the change of current and voltage of QCL has greater error. At the same time, we measure the QCL's current and voltage when the NIR laser spot vertical position is changed. As shown in the inset in Figure 4 , the QCL voltage is reduced under NIR laser modulation, and the lowest voltage is −0.12 V at the spot vertical position of the NIR laser at 5.045 mm. In addition, the QCL current is increased under NIR laser modulation, and the highest current is 16 mA at the spot vertical position of the NIR laser at 5.06 mm (2.28 × 10 −6 mW). With the same consideration of the diameter of the NIR laser spot, the error is about 70 µm. This is due to NIR laser modulation that makes the electrons of QCL transition from the valence band to the laser sub-band in the conduction band, thus generating a voltage, while reducing the required current. And with the increase of modulation efficiency, the phenomenon will be more obvious. But it is inevitable to introduce errors of evaluating the QCL modulation depend on observing the change of QCL voltage and current. Moreover, outside the region of about 60 µm at the spot vertical position of the NIR laser, the QCL voltage and current changes are negligible. In order to confirm the correctness of the PL spectrum, we simultaneously measure the QCL modulation depth at the same position. In fact, all optical modulation is very sensitive to the spot position of the near infrared light. Only the modulation exists in 5.045 mm and 5.06 mm, and there is no modulation in other spot positions. The modulation depth at 5.045 mm is 17.86%, while the modulation depth at 5.06 mm is 9.62%. It is worth mentioning that the modulation depth (17.86% : 9.62% = 1.86) is proportional to the PL spectrum power (4.04 × 10 −6 mW: 2.28 × 10 −6 mW = 1.77), and this is impossible to use the method of the observing current and voltage changes. Therefore, So PL spectrum is obvious a guidance, we can further confirm the optimal position of the NIR laser spot.
In the QCL all-optical modulation, the optical energy injected into the QCL active region will directly affect the QCL modulation depth, which has been reflected in the research of spot position experiments. The NIR laser incident angle and optical power directly determine the optical energy of the QCL active region injected. In order to comprehensively investigate the effect of laser incident angle and optical power on the QCL modulation depth, we have measured at the same system and conditions. The NIR laser spot position at 5.045 mm, the NIR laser wavelength is 1560 nm, and the average power is 3 mW. The NIR laser is focused on QCL front facet, and the incident angle is 20°−90°from the vertical incident to the horizontal incident. As shown in the inset in Figure 5 , to ensure that QCL MIR and PL are not obscured, we can measure the laser incident angle at 20°. As shown in Figure 5 , with the increase of laser incident angle, the PL power decreases gradually. Especially when the laser incident angle increases to more than 60°, the PL power accelerates to decrease. When the laser incident angle is 90°, the PL power is only 0.7 nW. We also measured the corresponding QCL modulation depth, which is consistent with the variation of PL power. We can think that when the NIR laser is vertically incident QCL front facet, the QCL active region participates in the inter band transition energy, which causes the electron distribution of subband to change greatly, so the QCL modulation depth is large. With the increase of the laser incident angle, the optical energy component into the QCL active region is reduced. After the laser incident angle is greater than 60°, only a small amount of optical energy can be injected in the QCL active region. This result is also reflected in the PL power. It is proved that the influence of laser incident angle on QCL all-optical modulation can be accurately evaluated by using PL. In addition, we measured the effect of optical power on the QCL modulation depth. We used the NIR laser with an average optical power of 0.5-3 mW and obtained the corresponding QCL modulation depth according to the variation of PL power. As shown in the inset in Figure 5 , with the optical power decrease, the QCL modulation depth will also decrease. When the laser incident angle is less than 60°, the changing trend of QCL modulation depth is the same, but when the laser incident angle is larger than 60°, the QCL modulation depth decreases rapidly, even difficult to obtain at 0.5 mW. This is because the optical energy injected into the QCL active region decreases rapidly with the laser incident angle increase. When the optical power is reduced at the same time, there is less energy involved in the interband transition in the QCL active region, so it is difficult for QCL to be modulated.
In QCLs, as the electric field is increased, the bottom of the subbands increases in energy, relative to the center of the quantum well structure. Hence, the reference subbands energy increases. It is causing the electrons to make orientated motion, which makes the QCL generate optical radiation. However, in this process, the change of the subbands energy corresponding to the optimal modulation wavelength drift, which is usually weak and is difficult to measure by traditional means. Using the PL spectrum, we can accurately and rapidly confirm the drift of the optimal modulation wavelength. In this experiment, we load a 0-300 mA current for the QCL and measure the PL spectrum simultaneously. As shown in Figure 6 , with an increase in the electric field, the position of the PL spectrum peak has been drifting obviously, from 1563.9 nm to 1554.8 nm. The corresponding optimal wavelength of the NIR laser also reduces by a total of 9.1 nm. For a further confirmation, we load a 300 mA current for the QCL, using 1550 nm and 1560 nm NIR laser to modulate the QCL and the modulation depth is 15.34% and 14.34% respectively. The optimal modulation wavelength can be close to 1550 nm, is1554.8 nm. Simultaneously, we can also determine the optimal modulation wavelength of QCL under the current of 5 mA, 10 mA, 50 mA, 100 mA, 200 mA, as shown in the inset in Figure 6 , which are 1562.9 nm, 1561.9 nm, 1559.8 nm, 1557.9 nm, and 1556.5 nm, respectively. In this manner, we can rapidly evaluate the all-optical modulation of QCLs under different electric fields using the PL spectrum. Fig. 6 . The PL spectrum of QCL at different drive currents; the inset shows the PL spectrum peak at different drive currents.
Conclusions
In conclusion, using the PL spectrum to evaluate the all-optical modulation of QCLs is a novel approach. The optimal NIR laser wavelength can be confirmed by measuring the position of the PL spectrum peak, and the experimental results are in agreement with the simulation results. By measuring the intensity of the PL spectrum, we can confirm the NIR laser spot position accurately, and it is usually effective only in the range of tens of microns, and has considerable influence on the all-optical modulation of QCL. Meanwhile, we can also accurately identify the NIR laser incident angel and optical power by measuring the PL spectrum power. The optimization results can be directly applied to the experimental guidance. The displacement of the optimal NIR laser wavelength in the electric field can be accurately confirmed by measuring the position of the PL spectrum peak, which is usually difficult. Thus, the PL spectrum can be used to optimize the alloptical modulation of QCL, and it is rapid, accurate, and simple method. Thus, the high-speed all-optical modulation of QCLs can be optimized for FSOC and molecular detection applications.
